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A B S T R A C T
l

Underwater gliders use a buoyancy engine and symmetric wings to produce lift.
During operation, gliders follow a saw-tooth trajectory, making them useful vehicles
for profiling ocean chemistry. By operating at low speeds with low hotel loads,
gliders achieve a high endurance. Man-portable, propeller-driven autonomous
underwater vehicles (AUVs) are capable of level flight and can also follow terrain
to yield high-quality benthic imagery. These platforms typically operate at high
speeds with high hotel loads resulting in relatively low endurance. Although both
vehicles are used to collect oceanographic data, constraints on how these vehicles
are used differentiate the nature of data they collect. This article examines whether
one method of propulsion can provide an intrinsic advantage in terms of horizontal
range at low speed, regardless of sampling design. We employ first-principle anal-
ysis that concludes that either class of vehicle can be designed to achieve the same
horizontal transit performance regardless of speed. This result implies that the
choice of propulsion method should be driven exclusively by the application and
operational requirements.
Keywords: AUV Propulsion, Long-range transit, Autonomous Underwater Vehicles,
Underwater gliders, Transit efficiency
to replace more labor intensive meth-
1. Introduction
Autonomous underwater vehicles
(AUVs) are increasingly being used

ods of collecting data from the ocean.
AUVs also enable entirely untended
surveys, where no support vessel is re-
quired during a mission. Since these
platforms do not require in situ hu-
man intervention during mission exe-
cution, their running costs are low
compared to the cost of deployment
and recovery. Untended surveys are
most economic when the number
of deployments is minimized, which
can be achieved by maximizing the
achievable range of the AUV. The
purpose of this article is to uncover
whether buoyancy-driven modes of
propulsion are intrinsically more or
less efficient at maximizing achievable
horizontal range than propeller-driven
modes of propulsion, with all else
being equal.

The success of underwater gliders
in monitoring programs requiring fre-
quent deployments (Schofield et al.,
2008) suggests that man-portable
AUVs are an amenable size for mon-
itoring roles from a budgetary and
handling perspective (Griffiths et al.,
2001). The REMUS100 AUV and
the Slocum glider are similarly sized
man-portable AUVs and will be used
as a point of reference in this analysis.

The REMUS100 is a man-portable,
propeller-driven AUV designed for
seafloor imaging and water-column
survey in energetic environments. At
its nominal speed of 1.5 m/s, the total
energy consumption of REMUS100
is O(10W) and results in an endurance
of 22 h (REMUS100 specification).

The Slocum glider is comparable
in size to REMUS100, but it has
been designed for taking oceanographic
profiles. To attain long range, the Slo-
cum was designed to travel at a low
speed (0.4 m/s), with a low hotel
load, O(1W) (Electric glider, Davis
et al., 2002). Despite storing only
slightly more than twice the energy of
REMUS100 (REMUS100 specifica-
tion; Davis et al., 2002), Slocum can
achieve considerably longer ranges
and has a typical endurance of 30 days.

The difference in endurance be-
tween REMUS100 and Slocum is due
to the way the vehicles are operated.
The effect of hotel load and horizon-
tal velocity on range is given by
Furlong et al. (2007):

R ¼ E
PP þ PH

⋅ :x

where E is the on-board energy stor-
age, PP and PH are the propulsive and
hotel powers, respectively, and :x is the
horizontal velocity. If the efficiency of
the propulsion system (η), the density



of the fluid (ρ) and the vehicle drag
(CDS) based on a reference area (S )
are known, the propulsive power can
be written as a function of velocity:

PP ¼ ρ :x 3SCDS

2η
:

Furlong et al. (2007) showed that
given these parameters, maximum
range can be obtained by differen-
tiating range with respect to propul-
sive power. The optimal velocity for
a given hotel power is then given by

:x ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηPH
ρSCDS

3

r
ð1Þ

Equation 1 shows that it is optimal
to operate at a relatively high velocity
for a high hotel load and a relatively
low velocity for low hotel loads. This
relationship governs the difference in
endurance between REMUS100 and
Slocum. The REMUS100 must be
operated at a high velocity so that
sufficient survey coverage is obtained
before its hotel load exhausts energy
reserves. On the other hand, the
relatively low hotel load of Slocum
al lows i t to be operated at low
velocities.

For a given hull design and hotel
load, a vehicle’s range can be maxi-
mized by operating at a velocity that
satisfies Equation 1. For the remain-
der of this article, we assume a low
power hotel load and focus on the ef-
ficiency of propulsion methods at low
velocities. In particular, we will de-
termine if there are any compelling
reasons to pick a propeller over glid-
ing (or vice versa) for a low velocity
transit.

The rest of this article builds on
Steinberg et al. (2009) and is organized
as follows. A metric for evaluating
achievable range per unit of energy,
transit performance, is proposed in
Section 2. The transit performance
of a propeller-driven AUV and glider
are derived in Section 3. These first-
principle models are compared in
Section 4. For the purpose of relating
this general result to realistic designs,
we have used the REMUS100 AUV
and the Slocum glider as examples.
Based on this outcome, Section 5 con-
cludes that the choice of propulsion
method should be driven primarily
by the application and operational re-
quirements of the vehicle.
2. The Transit
Performance Metric

The purpose of this study is to
determine the efficiency of gliders
and propeller-driven AUVs as they
move between two sampling locations.
Hence, transit performance will be
measured by how many horizontal
meters these vehicles can travel per
Joule of energy (m/J). This metric is
a variant of net transport economy
defined by Jenkins et al. (2003).

Two cases are considered:
1. A propeller-driven AUV
2. A buoyancy-driven autonomous

underwater glider
The transit performance measure,

Λ , is equivalent to the reciprocal of
the horizontal component of the
AUVs propulsive force, i.e.

Energy ¼ Force × Distance

so

Distance
Energy

¼ 1
Force

or

Λ m=Jð Þ ¼ 1
Thoriz Nð Þ
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The transit performance of an
AUV with a loss-less propulsion sys-
tem is derived in Section 3.1. Its pur-
pose is to normalize away the inverse
quadratic dependence of transit perfor-
mance on velocity, which is a result of
drag and common to all under-
water vehicles. We term this normal-
ized quantity transit efficiency, which
takes the following form:

λVehicle ¼ ΛVehicle

ΛIdeal
:

It is important to note that this form
of efficiency only accounts for losses due
to the mode of propulsion with respect
to an ideal propulsionmodel. As a result,
this efficiency metric is not a multiplica-
tive loss that can be used in deriving the
total efficiency of a system. Additional
losses in the drive chain, such as me-
chanical and electrical losses, are not in-
cluded in this definition of efficiency.

The following general assumptions
are used for this analysis:
1. All vehicles compared have an

equivalent hull design and hull
drag coefficient. Volume devoted
to energy stores, propulsion, and
control hardware is the same
in each AUV. Furthermore, the
hotel and sensing loads are equiva-
lent as the mission requirements
are the same.

2. Any non-steady accelerating mo-
tions are assumed to occupy a neg-
ligibly small fraction of the total
mission time, hence only steady
motions are considered for the pur-
pose of this analysis. Consequently,
straight-line transit is assumed, i.e.
no turning motions are considered.

3. The propeller-driven and ideal
AUVs are neutrally buoyant, and
seawater has a constant density.
Propeller-driven AUVs are usually

slightly positively buoyant as a fail-safe.
pril 2010 Volume 44 Number 2 47



To overcome their buoyancy and local
variations in seawater density, these
AUVs make use of control surfaces or
actuators. Normally, this would in-
troduce additional drag due to lift
from the hull and control surfaces
at non-zero angles of attack (Furlong
et al., 2007). In our analysis, we ig-
nore this effect and assume neutral
buoyancy. Neutral buoyancy could be
achieved by installing a small buoyancy
control system on the vehicle.

The assumptions made in this
analysis omit mechanical and electri-
cal losses incurred between the energy
source and the final propulsive power.
The mechanisms for delivering en-
ergy from the source to propulsion are
different for propeller and buoyancy-
driven AUVs. For example, a propeller-
driven AUV will lose energy at a
constant rate through losses in the
power electronics, couplings, and bear-
ings of the drive system. Prior to design
improvements in 2000, REMUS100
had a brushedDCmotorwhich operated
at an estimated 65% efficiency at 80W
(Allen et al., 2000). Since then,
REMUS100 has been equipped with a
brushless DC motor and a magnetic
torque transfer. This new design uses a
more efficient motor and eliminates a
rotating shaft seal. An efficiencymeasure
is not quoted for these changes but it is
likely to increase efficiency to 70-80%.

The primary energy losses in a
glider are due to the buoyancy engine.
Instead of a constant drain on the en-
ergy source, buoyancy engines demand
high current loads when the buoyancy
engine is actuated at the glider’s inflex-
ion points. On Slocum, the efficiency
of the buoyancy engine based on elec-
trical energy delivered to the pump
including energy loss in the battery is
approximately 50% (Griffiths et al.,
2007). The amount of energy that
can be extracted from batteries will
48 Marine Technology Society Journa
vary with battery chemistry and the
way they are used. Some batteries are
better able to handle the high peak
loads of buoyancy engines and others
are better suited to the constant drain
of propeller-driven AUVs (Bradley
et al., 2001).

While these figures are important
in determining the over efficiency of
the vehicles, they are beyond the
scope of our first-principles analysis.
Our transit efficiency metric will not
reflect overall system efficiencies be-
cause we are only concerned with tran-
sit performance relative to an ideal
case, and no other losses. The analysis
presented in this article produces an
upper bound on efficiency for the
propulsion modes presented.
3. Transit Performance
In this section, the transit perfor-

mance metrics are derived from first
principles for propeller-driven AUVs
and gliders. Using these models, we
aim to uncover any velocity depen-
dence that would indicate that one
method of propulsion is superior to
the other for low speed transit. We
show that neither of the models are
dependent on velocity.

3.1. Ideal Propulsion
An AUV with a loss-less propul-

sion system will have perfect transit
efficiency for the selected hull shape.
This vehicle is presented to normalize
l

the transit performance of the propeller-
driven AUV and glider.

From Figure 1, it can be seen that
for a steady horizontal velocity, thrust
must equal drag

T ¼ 1
2
ρSh

:x2CDh ð2Þ

where Sh is the AUV hull frontal area,
CDh is the AUV ’s drag coefficient
referenced to Sh, and ρ is the fluid
density. Hence

ΛIdeal ¼ 1
T

¼ 2
ρSh

:x2CDh
ð3Þ

3.2. Propeller-Driven AUV
Momentum theory can be used to

model the performance of a propeller.
Although momentum theory does not
account for fluid rotation in the slip-
stream or energy lost to viscous drag,
it is an attractive model because pro-
peller geometry can be expressed with
one design parameter. The ideal pro-
pulsive efficiency of an actuator disk
λAD, predicted by momentum theory
(Carlton, 2007), is given by

λAD ¼ 2

1þ 2T
ρSp

:x 2
þ 1

� �1
2

where Sp is the area of the actuator disk.
Since the thrust, T, produced by the
actuator disk must overcome hull drag
FIGURE 1

Free body diagram of an AUV with loss-less propulsion.



(Equation 2), the efficiency of the
propeller-driven AUV can be restated
as

λAD ¼ 2

1þ CDh f �2
p þ 1

� �1
2

ð4Þ

where the propeller–hull ratio, fp = dp/dh,
defines the ratio between the actuator
disk diameter, dp, and the hull diame-
ter, dh.

Since the energy supplied to an ac-
tuator disk is reduced by the efficiency
of the actuator disk, the transit perfor-
mance for the propeller-driven AUV
can be written as

ΛAD ¼ λAD

T

If transit performance is normal-
ized by the ideal propulsion scheme
(Equation 3), the transit efficiency
of the propeller-driven AUV is simply
the efficiency of the actuator disk
(Equation 4)

ΛAD

ΛIdeal
¼ λAD

Under the simplifying assumptions
of this section, for a given hull design
the transit efficiency of a propeller-
driven AUV is only a function of the
propeller–hull ratio. An outcome of
this result is that transit efficiency is
independent of horizontal velocity.
3.3. Glider/Buoyancy-Driven AUV
A typical glider configuration uses a

buoyancy engine and symmetric wings
to translate buoyancy into lift to induce
horizontal motion. Figure 2 shows the
forces acting on the glider in the longi-
tudinal plane.
Only the longitudinal plane of motion is considered in the transit performance
model, so it is necessary to resolve the lift and total drag forces to the horizontal (x)
axis. Using Figure 2, the horizontal forces can be determined from ∑Fx = 0

0 ¼ L sinξ � D cos ξ
L sinξ ¼ D cos ξ

Here, ξ is the glide-path angle and L sinξ and D sinξ are equivalent to the
horizontal propulsive force. Transit performance is given by their inverse

ΛG ¼ 1
Lsin ξ

¼ 1
Dcos ξ

ð5Þ

Drag, D, and lift, L, are given by Roskam (2008) and Sherman et al. (2001)

D ¼ 1
2
ρu2 ShCDh þ SwCDLwα

2
� � ð6Þ

L ¼ 1
2
ρu2SwCLwα ð7Þ

Here CLw is the wing lift coefficient referenced to wing planform area, Sw.
Velocity along the glide path is u, α is the angle of attack, and CDLw is the wing
drag-due-to-lift or induced drag. For simplicity, we have excluded body lift and
induced drag.

Drag in Equation 6 is composed of parasitic and lift-induced components.
The expression for lift in Equation 7 is analytically simpler. Since either can be
made to arrive at transit performance in Equation 5, we proceed by substituting
for L

ΛG ¼ 2
ρu2SwCLwα sin ξ

ð8Þ
FIGURE 2

Free body diagram of the forces acting on a glider in the longitudinal plane.
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An equation for angle of attack is derived by Graver (2005). To reduce the dimensionality of this equation, we assume
that there is no parasitic wing drag (CDw = 0), so angle of attack becomes

α ¼
1
2
ρSwCLw

ρSwCDLw
tan ξ �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

1
2
ρSwCDLw

1
2
ρSwCLw

� �2

1
2
ρShCDh

� �
cot2 ξ

vuuuuut
0
BBB@

1
CCCA

¼ CLw

2CDLw
tan ξ �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

CDLwCDh

C2
Lw

⋅
Sh
Sw

cot2 ξ

s !

Wing drag-due-to-lift, CDLw, is a function of the wing lift coefficient, CLw, when these coefficients use wing planform
area as their common reference area (Roskam, 2008)

CDLw ¼ C 2
Lw

πAe

here A is the wing aspect ratio, and e is the wing’s span efficiency factor. So substituting for CDLw and assuming the wing
geometry perfectly utilizes the lift distribution along the wing (e = 1), angle of attack becomes

α ¼ πA
2CLw

tan ξ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

CDhSh
πSwA

cot2ξ

r� �

From Figure 2, we have defined ξ = θ +α, however Graver (2005) defines ξ = θ −α. To use α in these models, its sign has
to be reversed. So the angle of attack for our model is

α ¼ πA
2CLw

tan ξ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� CDh f �2

b cot2 ξ
q� �

ð9Þ

where we have substituted

4
CDhSh
πSwA

¼ 4
CDhShSw
πSwb2

¼ CDhd 2
h

b2
¼ CDh f �2

b

Here we have firstly used the definition of aspect ratio, A = b2/Sw, and then assumed a circular frontal area. Finally, the
wing-hull ratio, fb = b/dh, defines the ratio between the wingspan, b, and hull diameter, dh. This parameter is critical for
describing the amount of lift that can be generated by the wing. The larger the ratio fb, the more lift can be generated for a
given hull design and a fixed wing aspect ratio (A). This will in turn also affect the range of achievable glide-path angles.

Parasitic drag has hull and wing drag components, so the assumption of CDw ≈ 0 will lead to an underestimation of drag
and overestimation of lift. Assuming a span efficiency of 1 will have a similar effect.

Substituting u = :x=cos ξ and Equation 9 into Equation 8 yields

ΛG ¼ 4 cot2 ξ cos ξ

ρ :x 2πSwA 1� 1� CDh f �2
b cot2 ξ

� �1
2

� � ð10Þ

where glide angle is subject to bounds dictated by stall. This hydrodynamic model is only accurate for small angles of
attack (Graver, 2005).
50 Marine Technology Society Journal



3.3.1. Normalize with Respect to Ideal
After normalizing the glider transit performance (Equation 10) with respect to

the ideal transit performance (Equation 3), we obtain

λG ¼ CDh f �2
b cot2 ξ cos ξ

2 1� 1� CDh f �2
b cot2 ξ

� �1
2

� � ð11Þ

The glider transit efficiency model, Equation 11, shows that the transit effi-
ciency of the glider is independent of horizontal velocity, and wing planform
area, but dependent on glide-path angle.
3.3.2. Optimal Glide-Path Angle
In general, the optimum glide-path angle can be found as a function of the

wing-hull ratio ( fb) and the hull drag coefficient (CDh). This can be used to re-
duce the parameter space of Equation 11. By setting δλG

δξ ¼ 0 and solving for ξ, we
get the following equation for the optimal glide-path angle:

ξOpt ¼ ±tan�1 1
3

Q þ 4 CDh f �2
b

� �� 2þ 20 CDh f �2
b

� �þ 16 CDh f �2
b

� �2 þ 4

Q

 !1
2

0
@

1
A

ð12Þ

where

Q ¼ 123
2

CDh f �2
b

� �þ 120 CDh f �2
b

� �2 þ 64 CDh f �2
b

� �3 � 8

�

þ 18 �6 CDh f �2
b

� �� 183
16

CDh f �2
b

� �2 � 6 CDh f �2
b

� �3� �1
2

This result shows that the optimal glide-path angle is independent of the
vehicle’s velocity. Consequently, for a given hull design, glider transit efficiency
is only a function of fb.
March/A
To demonstrate this relationship,
Figure 3 shows the transit performance
of Slocum with respect to the glide-
path angle. Transit efficiency, λG, is
maximized at a glide-path angle of 18°.
4. Results
Each model has been distilled down

to one dimensionless design param-
eter. This reduction in parameter
space allows for the direct comparison
between the two propulsion methods.
In this section, we explore the nuances
of these models and show that it is
possible to design either vehicle class
to attain the same transit efficiency.

Themodels presented in this article
are generally applicable across vehicles
of the classes considered. However, in
order to provide context to our work,
we compare the results of two real-
world, fielded vehicles—REMUS100
and Slocum. The parameters used to
generate the transit performance
and efficiency for REMUS100 (Allen
et al., 2000) and Slocum (Sherman
et al., 2001, Geisbert, 2007) are given
in Table 1.
4.1. Propeller-Driven AUV
Figure 4 summarizes the transit

efficiency for a propeller-driven AUV,
λAD, as a function of the propeller-
hull ratio, fp.

The transit efficiency of a propeller-
driven AUV can be improved by
FIGURE 3

Glider efficiency vs. glide angle for the Slocum. The optimal glide-path angle is using the param-
eters specified in Table 1.
TABLE 1

Parameters for the Slocum and REMUS100
AUVs.
Parameter
pril 2010 Volu
Slocum
me 44 Number
REMUS100
CDh
 0.4305
 0.267
Sh(m
2)
 0.034
 0.028
Design
ratios
fb = 4.8077
 fp = 0.7353
2 51



increasing its propeller–hull ratio.
However, improvements to efficiency
diminish as propeller–hull ratio in-
creases, particularly at lower drag
coefficients.

4.2. Glider/Buoyancy-Driven AUV
Figure 5 summarizes the transit ef-

ficiency for a glider, λG, as a function
of the wing-hull ratio, f b. It is evident
that a larger wing–hull ratio provides
higher transit efficiency, which is con-
52 Marine Technology Society Journa
sistent with the results presented by
Sherman et al. (2001).

Improvements to transit efficiency,
however, occur at a diminishing rate
and again this is particularly prevalent
for low drag coefficients. Significant
gains to transit efficiency obtained by
increasing the wing–hull ratio are harder
to achieve for lower drag designs.

Figure 6 shows how the optimal
glide-path angle changes with the
wing–hull ratio for selected drag co-
l

efficients. As the wing–hull ratio
increases, the glide-path angle be-
comes shallower. Furthermore, a
glider with a low coefficient of drag
will transit at a relatively shallow
glide-path angle.

The glider model derived in this
article implies that transit efficiency is
independent of aspect ratio, A. This
is also true for transit performance
because the SwA term in the denomi-
nator of Equation 10 is equivalent to
wingspan squared (b2). As a result,
the parameter fb does not fully specify
the shape of the wing. According to
our analysis, a glider with a low aspect
ratio (wide wing) will have an equiva-
lent transit efficiency to a glider with a
high aspect ratio (slender wing) of the
same wingspan and hull design (see
Figure 7). Because the effects of para-
sitic wing drag are omitted from the
model, there is no penalty associated
with large wing planform area for a
given wing–hull ratio.

The relationship between angle of
attack, α, and aspect ratio, A, given by
Equation 9 is depicted in Figure 8.
Our model allows for both low aspect
(wide) and high aspect (slender) ratio
wings to have the same transit effi-
ciency. However, Figure 8 shows that
our model is detailed enough to cap-
ture the requirement of these designs
to operate at different angles of attack.
From a design perspective, it is desir-
able to maximize the aspect ratio for
a given wingspan to minimize parasitic
drag, subject to structural and stall
constraints (Sherman et al., 2001).
This produces a wing geometry re-
sembling that of sailplanes.

4.3. Comparison of Transit
Performance

The vehicle design parameters fp
and fb can be varied so that a propeller-
driven AUV and a glider have the same
FIGURE 4

Efficiency of a propeller-driven AUV with varying propeller–hull ratios, fp, for selected drag
coefficients.
FIGURE 5

Efficiency vs. wing–hull ratio for selected drag coefficients.



transit efficiency. The exact relation between these design parameters can be
found by equating the transit efficiencies given by Equation 4 and Equation 11
to yield

fp ¼ C
1
2
Dhffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�CDh f �2

b cot2 ξOpt

pð Þ
CDh f �2

b cot2 ξOpt cosξOpt
� 1

� �2

� 1

s ð13Þ

Equation 13 states propeller–hull ratio as a function of wing–hull ratio
and hull drag coefficient (where ξopt = f ( fb, CDh)). This relation specifies
an equally efficient propeller-driven AUV configuration for a given glider
configuration.

Figure 9 is a graphical representation of the relationship derived in Equa-
tion 13 for a range of drag coefficients and design parameters. The solid curves
represent equivalent transit efficiencies for a constant drag coefficient. A point on
these curves provides the design parameters fp and fb that will produce the same
transit efficiency for a given drag coefficient. The dotted lines show constant tran-
sit efficiency across all drag coefficients.
March/A
For the ranges of drag considered,
Figure 9 shows that the wing–hull
ratio has to be increased proportionally
more than the propeller–hull ratio to
achieve the same gain in transit effi-
ciency. This effect is greater for low
drag coefficients. For the purpose of
relating this general result to realistic
designs, the positions of REMUS100
and Slocum have been highlighted
on the plot. This plot shows that
REMUS100 and Slocum have simi-
lar transit efficiencies in their orig-
inal configurations, according to our
models.

Table 2 shows the parameters
for propeller-driven AUVs and glid-
ers with transit efficiencies equal to
REMUS100 (90%), Slocum (91%),
and a notional high-performance ve-
hicle having a transit efficiency of
95%. Recall that additional losses in
the system, such as mechanical and
electrical losses, are not included in
our definition of transit efficiency.

The REMUS100 and Slocum ve-
hicles have very similar transit efficien-
cies (Table 2). This similarity can be
attributed to their similar hull designs
and the fact that transit efficiency is in-
dependent of horizontal velocity as per
Equations 4 and 11. The difference in
their endurances is due to their differ-
ent velocity regimes and hotel loads.
According to our analysis, each vehicle
could exhibit equivalent transit effi-
ciencies with minimal modifications.
For example, REMUS100 would
need a propeller-hull ratio of fp ≈ 0.77
to attain an equivalent transit efficiency
to Slocum (Prop-AUV1 in Table 2).
This implies a propeller diameter of
approximately 14.6 cm instead of its
standard propeller diameter of 14 cm
(Allen et al., 2000). Conversely, for
Slocum to exhibit the same efficiency
as REMUS100 (Glider-AUV1 in
Table 2), it would require a span ratio
FIGURE 6

Optimal glide-path angle vs. wing–hull ratio for selected drag coefficients.
FIGURE 7

Gliders with equivalent wingspan and hull designs but different aspect ratio. On the left is a high
aspect ratio wing and on the right is a low aspect ratio wing. According to ourmodel, these designs
have the same transit efficiency but different steady-state glide-path angles when transiting
optimally.
pril 2010 Volume 44 Number 2 53



of about 4.5 rather than its current
value of approximately 5, implying a
decrease in wingspan from about 1 m
to 0.94 m.

To reach a transit efficiency of 95%,
REMUS100 (Prop-AUV2, Table 2)
would require a propeller diameter of
dp = 21.0 cm, which is an increase of
54 Marine Technology Society Journa
50% on the standard propeller size.
For Slocum to reach a transit efficiency
of 95% (Glider-AUV2, Table 2), a
wingspan of about 1.9 m would be
required. This represents an increase
of over 85% on the original wingspan.

This case study shows that the
wing-hull ratio of Slocum has to be in-
l

creased proportionally more than the
propeller-hull ratio of REMUS100 to
achieve the same gain in transit ef-
ficiency. It is important to note that
the REMUS100 and Slocum have dif-
ferent drag coefficients. However,
within the range of coefficients con-
sidered, the relationship holds.
5. Conclusion
We have shown that both meth-

ods of propulsion can be designed to
achieve the same transit efficiency
using a first-principle analysis. These
results imply that neither propeller-
driven AUVs nor gliders have any
advantage over the other with respect
to transit efficiency. For example, the
long endurance of a glider may be
achieved by a similarly sized propeller-
driven vehicle designed to transit
slowly. The choice of propulsion
method should be driven exclusively
by the application and operational
requirements, regardless of velocity
or hotel load.

Given that no platform offers su-
perior transit performance, there are
no optimal characteristics to combine.
This outcome can be extended to hy-
brid vehicles—a system that attempts
to incorporate a buoyancy engine,
wings, and thrusters will require
more volume for hardware, reducing
energy storage capacity for no realiz-
able advantage in transit performance.

Our results need to be viewed in
light of the assumptions we have
made. By excluding the effect of para-
sitic drag, no penalty is paid for the
surface areas of the wings and propeller
blades. Including the effects of par-
asitic drag introduces a Reynolds
number dependence that may further
differentiate one platform from another
in terms of transit efficiency when oper-
ating in a low velocity regime. However,
FIGURE 9

Span ratio, fb, vs. propeller–hull ratio, fp, for equal transit efficiency. Points for the Slocum glider
and the REMUS100 AUV have been shown.
FIGURE 8

Angle of attack vs. aspect ratio for selected wing–hull ratios. The Slocum drag coefficient from
Table 1 is used.



including higher order effects, such as
parasitic drag and design-specific me-
chanical losses, introduces complexi-
ties into the vehicle models that make
it difficult to draw fair and general
comparisons between the propulsion
modes.
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TABLE 2

Summary of selected points from Figure 9.
Vehicle
 λ
 CDh
 dh
Design
Parameter
Dimensional
Parameter
REMUS100
 90%
 0.267
 19 cm
 fp = 0.7353
 dp = 14.0 cm
Prop-AUV1
 91%
 0.267
 19 cm
 fp = 0.769
 dp = 14.6 cm
Prop-AUV2
 95%
 0.267
 19 cm
 fp = 1.104
 dp = 21.0 cm
Glider-AUV1
 90%
 0.4305
 20.8 cm
 fb = 4.5
 b = 0.94 m
Slocum
 91%
 0.4305
 20.8 cm
 fb = 4.9
 b = 1.02 m
Glider-AUV2
 95%
 0.4305
 20.8 cm
 fb = 9.1
 b = 1.89 m
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